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ABSTRACT

A series of experimental forecasts are performed to evaluate the impact of enhanced satellite-derived winds
on numerical hurricane track predictions. The winds are derived from Geostationary Operational Environmental
Satellite-8 (GOES-8) multispectral radiance observations by tracking cloud and water vapor patterns from suc-
cessive satelliteimages. A three-dimensional optimum interpolation method is devel oped to assimil ate the satellite
winds directly into the Geophysical Fluid Dynamics Laboratory (GFDL) hurricane prediction system. A series
of paralel forecasts are then performed, both with and without the assimilation of GOES winds. Except for the
assimilation of the satellite winds, the model integrations are identical in all other respects. A strength of this
study is the large number of experiments performed. Over 100 cases are examined from 11 different storms
covering three seasons (1996-98), enabling the authors to account for and examine the case-to-case variability
in the forecast results when performing the assessment. On average, assimilation of the GOES winds leads to
statistically significant improvements for all forecast periods, with the relative reductions in track error ranging
from ~5% at 12 h to ~12% at 36 h. The percentage of improved forecasts increases following the assimilation
of the satellite winds, with roughly three improved forecasts for every two degraded ones. Inclusion of the
satellite winds also dramatically reduces the westward bias that has been a persistent feature of the GFDL model
forecasts, implying that much of this bias may be related to errorsin theinitial conditions rather than a deficiency
in the model itself. Finally, a composite analysis of the deep-layer flow fields suggests that the reduction in
track error may be associated with the ability of the GOES winds to more accurately depict the strength of
vorticity gyresin the environmental flow. These results offer compelling evidence that the assimilation of satellite

winds can significantly improve the accuracy of hurricane track forecasts.

1. Introduction

Numerical prediction of hurricane forecasts requires
accurate representation of the current meteorological
conditions. Unfortunately, conventional measurements
used to initialize forecast models are unavailable for
vast areas of the tropical oceans. The sparsity of ob-
servations, both near the storm center and in the sur-
rounding environment, is a key factor in limiting the
accuracy of hurricane forecasts (Burpee et al. 1984,
1996; Aberson and Franklin 1999). Several studieshave
demonstrated that the inclusion of near-storm obser-
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vations can substantially improve hurricane forecasts.
For example, Franklin and DeMaria (1992) found sta-
tistically significant improvements in the predicted
storm tracks when dropwindsonde observations were
included in a barotropic model. Likewise, in a study
using the National Centersfor Environmental Prediction
(NCEP) global forecast model, Lord (1993) demonstrat-
ed a reduction in track error of ~25% due to the in-
clusion of dropwindsonde measurements. Using the
Geophysical Fluid Dynamics Laboratory (GFDL) hur-
ricane model, Tuleya and Lord (1997) reduced forecast
track errors by up to 30% when dropwindsonde data
were assimilated into the model. Morerecently, Aberson
and Franklin (1999) also found improvements in the
GFDL model track forecasts after including dropwind-
sonde data. Burpee et al. (1996) provide a summary of
recent improvements in hurricane track forecasts due to
the assimilation of dropwindsonde data.
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In addition to dropwindsonde measurements, atmo-
spheric winds over data-void regions of the oceans can
also be derived by tracking cloud and water vapor fea-
tures in geostationary satellite imagery. The ability to
provide high-density wind coverage over large regions
of the Tropics makes satellite winds particularly useful
for studying tropical cyclones (Velden et al. 1998;
LeMarshall 1998). Although satellite-derived winds
have been produced operationally for more than a de-
cade, recent enhancements in spatial resolution and ra-
diometric sensitivity from the new generation of Geo-
stationary Operational Environmental Satellites(GOES)
have significantly improved both the accuracy and den-
sity of the wind products (Velden et al. 1997). Yet de-
spite their obvious utility for measuring tropical winds,
there have been relatively few attempts to determine the
impact of GOES winds on numerical hurricane track
forecasts, particularly for the Atlantic. Velden et al.
(1992) demonstrated that the assimilation of satellite
windsinto the VICBAR model resulted in modest (2%—
6%) reductions in the mean track error, although none
of the improvements were considered to be statistically
significant. Leslie et al. (1998) demonstrated that the
assimilation of high-density satellite winds can greatly
improve track forecasts in a high-resolution model, al-
though their study was limited to only two cases. Re-
cently, Goerss et al. (1998) examined the impact of an
experimental high-density GOES wind product on hur-
ricane track predictions from the Navy Oceanographic
Global Atmospheric Prediction System (NOGAPS)
forecast model. Based upon results from four tropical
Atlantic storms from the 1995 season, this study found
that assimilation of the experimentally derived GOES
winds reduced the track errors in the NOGAPS model
by 12%—-14%. Consequently, operational assimilation of
these winds into the NOGAPS model was initiated in
1996 and has continued since.

In recent years one of the most accurate models for
predicting hurricane tracks has been the GFDL Hurri-
cane Prediction System (Kurihara et al. 1998). In con-
trast to the NOGAPS model, the GFDL Hurricane Pre-
diction System uses a limited-area, multiply nested
model designed specifically for tropical cyclone pre-
diction. Given these distinctions, and in light of its dem-
onstrated skill in track prediction, this study seeks to
determine the extent to which GFDL model forecasts
can benefit from the direct assimilation of GOES winds.
Toward this end, a series of over 100 parallel forecasts
(with and without GOES winds) were performed span-
ning 11 storms and three Atlantic hurricane seasons
(1996-98). Section 2 provides brief descriptions of the
GFDL hurricane prediction system, the GOES wind da-
taset, and the analysis method used to assimilate the
GOES winds into the GFDL model. Section 3 presents
the results of selected individual cases, as well as sta-
tistical summaries of forecast improvements. A discus-
sion of the implications of these results and objectives
for future research is provided in section 4.
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2. Description of the forecast model, observational
data, and assimilation method

a. Forecast model: The GFDL Hurricane Prediction
System

The dynamical model used in the hurricane prediction
system is an outgrowth of a research model developed
at GFDL and adopted by the National Weather Service
as an operational hurricane forecast model in 1995. A
brief summary of its distinctive features is provided
here; a more complete description can be found in Ku-
rihara et al. (1998) and references therein. The predic-
tion system usesalimited area, three-dimensional model
that solves the primitive equations using a finite-differ-
ence method in spherical coordinates with 18 vertical
levelsin sigma coordinates. To resolvetheinterior struc-
ture of a hurricane, a multiply nested grid system is
used consisting of two inner movable meshes (¥%,° and
¥.° resolution) nested within a coarser 75° X 75° outer
mesh (1° resolution). The outer nest remains geograph-
ically fixed during a forecast, while the inner two nests
remain centered on the storm. Further details on the
nested grid system are provided in Kurihara et al.
(1998).

Theinitial and lateral boundary conditions are defined
by the NCEP global analysis and prediction model.
Tropical cyclone structure information is determined
from the National Hurricane Center (NHC) storm mes-
sage. The global NCEP analyses (1° resolution) are spa-
tialy interpolated onto the two inner nested regional
domains of the model. To produce realistic storm-scale
circulations near the center of the hurricane, a synthetic
vortex specification procedure is used that is compatible
with the nested mesh model (Kuriharaet al. 1993). After
insertion of the idealized vortex, small adjustments are
made to the surface pressure and temperature fields to
minimize imbalances with the existing wind field by
solving the reverse balance equation (Kurihara et al.
1995). The resulting wind, mass, and thermodynamic
fields provide the initial conditions for the nested model
forecast. The model is then integrated for 72 h yielding
both track and intensity forecasts. These steps are sum-
marized in Fig. 1. It isimportant to note that since 1996
NCEP has routinely included any available dropwind-
sonde data from aircraft flights into the global analysis.
Hence, the background field used for both the control
and satellite-wind experiments already contains the im-
provements resulting from these additional observations
for casesin which they were available. The high-density
GOES winds, however, were not included until 1998
(see section 3.4). For the satellite-wind experiments, a
three-dimensional optimum interpolation (3DOI)
scheme (described below) is used to assimilate the
GOES winds into the outermost (1°) grid using the
NCEP analyses as the first-guess field. Once the GOES
winds have been assimilated, the model initialization
procedure is identical to that described above. Namely,
the assimilated wind fields are interpolated from the
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FiG. 1. An outline of the steps for determining the initial conditions
inthe GFDL Hurricane Prediction System after Kuriharaet al. (1998).
Dashed arrows indicate the additional steps performed for the WIND
experiments.

outer grid onto the two inner nested grids, the synthetic
vortex is added, and the mass and winds fields are re-
balanced following Kurihara et al. (1995).

b. Observational dataset: GOES high-density
multispectral winds

This section provides a brief overview of the GOES
processing algorithm used to derive the satellite winds
used in this study. Starting in 1996, experimental wind
datasets derived from GOES observations have been
produced at the Cooperative I nstitute for Meteorol ogical
Satellite Studies (CIMSS) at the University of Wiscon-
sin—Madison. An automated procedure uses cross-cor-
relation techniquesto track cloud and water vapor struc-
tures from sequential satellite imagery. Tropospheric
motions inferred from successive satellite images (15—
30-min intervals) are used to estimate winds at multiple
levels using multispectral imagery. Successfully tracked
vectors are assigned heights based upon an optimal
match between the observed radiance and a correspond-
ing temperature profile. The content of the satellite-de-
rived winds are optimized using an objective quality
control and automated processing system described by
Velden et a. (1998). High-resolution visible (0.6 wm)
imagery is used to track shallow cumulus clouds in the
lower troposphere (600-900 hPa). These low-level
winds are complemented by vectors produced from in-
frared (11 wm) window imagery, particularly in the cir-
rus-laden outflow regions of the upper troposphere. In
clear regions tropospheric motions are derived by track-
ing water vapor structures observed in GOES water va-
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por channels. These channels, located at 6.7, 7.0, and
7.3 um, sense different portions of the water vapor ab-
sorption band and are used to track thin layers of mois-
ture in the upper (e.g., 150-350 hPa) and middle tro-
posphere (e.g., 350-550 hPa).

[llustrations of the typical horizontal and vertical cov-
erage obtained by the advanced GOES winds and further
detailsregarding their derivation are provided by Velden
et a. (1998) and references therein.

c. Data assimilation: Three-dimensional optimum
interpolation

Asnoted in the introduction, the majority of hurricane
impact studies have focused on the assimilation of con-
ventional data, such as dropwindsondes, which provide
arelatively complete vertical profile of the wind field.
The GOES winds, on the other hand, are distinguished
by their broad spatial coverage but traditionally have
offered relatively poor vertical resolution and vertical
sampling. While the limited vertical sampling has been
partially mitigated by the inclusion of water vapor
winds, these winds still present some unique challenges
for effectively incorporating them into aforecast model.
These challenges have likely contributed to the relative
lack of attention such datahave received. For the present
study, a 3DOI scheme was developed to assimilate the
satellite winds directly into the GFDL model. Previous
studies (Goerss et al. 1998) have shown that 3DOI meth-
ods can be used to effectively assimilate GOES winds
into numerical models. While there are more sophisti-
cated tools for data assimilation, such as four-dimen-
sional variational analysis (4ADVAR), the primary focus
of this study is to evaluate the impact of the GOES
winds on the GFDL model forecasts, not to develop the
optimal strategy for assimilating the data. This analysis
scheme is not intended to be implemented operationally,
but rather to provide a simple means for directly eval-
uating the sensitivity of hurricane forecaststo additional
satellite data. However, we recognize that the impact of
the data will depend to some degree upon the assimi-
lation strategy employed. Indeed, it is reasonable to as-
sume that a more sophisticated assimilation method,
such as one that could include the high time and space
resolution of the satellite data and account for time var-
iations of the error field (i.e., 4DVAR), would likely
yield better results (e.g., Leslie et al. 1998). Therefore
the positive impacts demonstrated here may be consid-
ered to represent a lower bound on the potential of
GOES winds to improve track forecasts.

The 3DOI scheme developed for this study is similar
to that described by Goerss and Phoebus (1992). Since
the concept of optimum interpolation dates back to Gan-
din (1963), only a brief discussion of the method is
provided here. Further details can be found in Theibaux
and Pedder (1987), Daley (1991), and others. The first
step in the assimilation procedure is to determine the
increment field, defined as the difference between the
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observed (GOES) and first-guess (NCEP global anal-
ysis) winds for each observation. GOES observations,
valid at the same synoptic time as the first-guess (0000
and 1200 GMT), are subtracted from the first-guessfield
by spatially interpolating the first-guess field (bilinearly
in the horizontal and linear in log pressure in the ver-
tical) to the location of the GOES observations. Since
there are typically several thousand observations at any
given time, it is necessary to reduce the observational
data volume to yield a computationally efficient anal-
ysis. For this purpose, *‘ superobservations” are created
by linearly averaging the wind increments within each
grid volume (i.e., each 1° X 1° horizontal square and
each layer) of the first-guess field to create a single
superobservation increment. This procedure typically
reduces the number of observations to be assimilated
by roughly a factor of 4. The analyzed field is then
computed by adding a finite number, N, of optimally
weighted increments to the first-guess field,

N
Fe=F2+ 2 wfp, @)
i=1

where F represents a total-field wind component and f
represents an incremental wind component. The super-
scripts a, g, and o denote the analyzed, first-guess, and
observed values, respectively. The subscript k denotes
the location of the analyzed (and first guess) field, while
the subscript i denotes an observation location. To yield
acomputationally efficient analysis, the maximum num-
ber of observations (N) used in the analysis for each
grid point k is 30. They are determined by selecting the
30 observation locations for which the first-guess error
is most strongly correlated with the grid point being
analyzed, based upon an assumed error covariance mod-
el (see below). The error in the analyzed field, €, isthen
determined as a weighted combination of errorsin the
first-guess field, 6F¢, and increment field, &f¢,

N
&= SFg + X w,sfp. @)
i=1

Provided that the statistics of the first-guess and obser-
vational error are known, the 3DOI method yields the
optimal set of weights, w,, for each superobservation
and analysis grid. The weights are optimal in the sense
that they minimize the mean square error of theanalysis,

Jd
—e2=0
OW,,

The aboverequirement yieldsaset of N linear equations,
w, = M~th,, 4

where w, is an N-dimensional vector of weights and h,
is an N-dimensional row vector of the first-guess error
covariance between the N observation locations i and
the analysis grid point location k. The square (N X N)
matrix, M, contains the covariance of the first-guess er-
ror between each location i and the other N — 1 loca-

1, N. €)
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tions. To account for errors in the observations, a factor
1/ is added to the diagonal terms of M, where y is the
ratio of the signal variance to noise variance of the
observations (Theibaux and Pedder 1987). For the
GOES winds, a signal-to-noise ratio of 8:1 is assumed
here based on the error characteristics of the GOES
winds (Velden et al. 1998). Following convention, this
formulation also assumes that the error associated with
each individual observation is uncorrelated with the
first-guess errors and with all other observations. The
only quality control that is performed during the assim-
ilation isto reject water vapor winds located below 300
hPa. This is done due to the uncertainty in determining
the thickness of the moisture layer corresponding to the
pure water vapor wind vectors.

A key aspect of any statistical analysis is providing
an accurate description of the error covariance in the
first-guess field. For the purposes of this study, asimple
analytical covariance model is used in which the error
variance for both the first-guess and observed fields is
assumed to be constant at all locations and their space
lag covariances are horizontally isotropic. This permits
M and h, to be expressed in terms of idealized corre-
lation functions. Accordingly, the three-dimensional er-
ror correlation in the first-guess field is expressed as the
product of the horizontal (p¥) and vertical (p?) error
correlations, p = p¥p?. Both correlation functions are
assumed to be invariant in space and time and are ex-
pressed in terms of the horizontal (Ax) or vertica
(A InP) spatial separation,

= enl- () ©
pr = exp —(AEI)CP) | . (6)

Here D¥ = 540 km and Dz = 0.38 represent the hor-
izontal and vertical (inlog pressure) decorrelation scales
for the first-guess error field and are broadly consistent
with the error correlation models of Hollingsworth and
Lonnberg (1986) and Goerss and Phoebus (1992). For
a typical tropical profile, Dz = 0.38 corresponds to a
decorrelation height of ~3 km.

We note that under certain circumstances a formal
solution of (4) yields a weight vector w, that is nu-
merically ill-behaved. That is, w, may contain wildly
varying values whose algebraic cancellation, when mul-
tiplied by the covariance matrix M, yields a poor ap-
proximation to the right-hand vector h,. Such behavior
is not uncommon in the solution of a large number of
linear equations, particularly if the covariance matrix M
is near singular (Daley 1991). To alleviate this problem
we solve (4) using the method of singular value decom-
position (Press et al. 1987), which identifies the near-
singular portions of the covariance matrix, enabling one
to eliminate theill-conditioned subspace of M. Theread-
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TaBLE 1. The storms, number of cases, and forecast dates used for the CTRL and WIND experiments.
No. of
Name forecasts Dates (MMDDHH)

Bertha (1996) 6 070800, 070812, 070900, 070912, 071000, 071012

Eduoard (1996) 10 082700, 082712, 082800, 082900, 082912, 083012, 090100,
090112, 090200, 090212

Fran (1996) 7 090200, 090212, 090300, 090400, 090412, 090500, 090512

Hortense (1996) 5 090512, 090600, 090700, 090712, 090800

Erika (1997) 14 090500, 090512, 090600, 090612, 090700, 090712, 090800,
090812, 090900, 090912, 091000, 091012, 091100, 091112

Bonnie (1998) 14 082200, 082212, 082300, 082312, 082400, 082412, 082500,
082512, 082600, 082612, 082700, 082712, 082800, 082812

Danielle (1998) 11 082500, 082512, 082600, 082612, 082700, 082712, 082800,
082812, 082900, 082912, 083000

Georges (1998) 23 091700, 091712, 091800, 091812, 091900, 091912, 092000,
092012, 092100, 092200, 092212, 092300, 092312, 092400,
092412, 092500, 092512, 092600, 092612, 092700, 092712,
092800, 092812

lvan (1998) 5 092200, 092212, 092300, 092312, 092400

Jeanne (1998) 8 092500, 092512, 092600, 092612, 092700, 092712, 092800,
092812

Mitch (1998) 8 102500, 102512, 102600, 102612, 102712, 102900, 102912,

103012

er is referred to Press et al. (1987) and Daley (1991)
for further details.

3. Impact of GOES winds on GFDL track
forecasts

a. Overview of experiments

This section compares model forecasts integrated
from two sets of experiments: a control run (CTRL) and
an experimental run that includes the GOES winds
(WIND). Except for the assimilation of the GOES
winds, the model integrations for the CTRL and WIND
experiments are identical in all other respects. A set of
111 cases are examined for 11 different Atlantic storms
spanning three seasons. Table 1 lists the storm names
and dates for the cases considered. Since the experi-
ments were not performed in real time, the selection of
the individual cases is based upon the availability of
both satellite winds and NCEP analyses for initializing
the model. For practical reasons, we also choseto avoid
short-lived storms since they offer few cases for study.
However, this may tend to bias our sampling toward
stronger storms at the expense of weaker ones (e.g.,
tropical storms). For each case, 72-h forecasts are per-
formed. The forecasted position (defined by the minima
in the low-level pressure field) is recorded at 12, 24,
36, 48, and 72 h and compared with the observed track
for each forecast period when a cyclone was of tropical
storm strength or greater. The statistical significance of
the CTRL and WIND integrations is evaluated using a
modified Student’s t-test as described by Franklin and
De Maria (1992), assuming a 30-h separation between
statistically independent forecasts.

b. Results for the 1996 Atlantic hurricane season

The observed (filled symbol) and model-predicted
(open symbol) tropical cyclone tracks for 1996 are dis-
played in Fig. 2 for (Figs. 2a,b), Bertha, (Figs. 2c¢,d),
Eduoard, (Figs. 2¢f), Fran, and (Figs. 2g,h) Hortense
for both the CTRL (left) and WIND (right) experiments.
For clarity, the observed storm location is plotted every
12 h while the predicted storm positions are only plotted
for the 24-, 48-, and 72-h forecast positions. Inspection
of Fig. 2 revealsthat the assimilation of the GOES winds
into the GFDL model results in a qualitative improve-
ment in the forecasted tracks. In particular, the forecasts
for Bertha, Eduoard, and Fran exhibit a more accurate
forecast during recurvature in the WIND simulations
compared to the CTRL. This reduces the westward bias
in the predicted tracks, particularly for Eduocard and
Fran, athough a slight westward bias for the landfall
of Hurricane Fran still persists in the WIND forecast.
For Berthaand Hortense, the high variability inthe early
forecasts is reduced somewhat in the WIND experi-
ments. It is also worth noting that the landfall positions
for Hurricanes Bertha and Fran are both more accurate
and have a smaller spread when the GOES winds are
assimilated.

A quantitative evaluation of the impact of GOES
winds on the GFDL forecastsis presented in Tables 2-5
for Bertha, Eduoard, Fran and Hortense, respectively.
Each table lists the forecast position errors at 12, 24,
36, 48, and 72 h for the 1996 storms. The bold-faced
numbers highlight the model with the smallest track
error for each forecast period. To evaluate the skill of
the GFDL forecasts, the relative forecast errorsare com-
puted with respect to CLIPER (a statistical regression
model based upon climatology and persistence; Neuman
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Fic. 2. A comparison of the observed track (filled symbol) with the forecasted positions from the CTRL (left) and
WIND (right) forecasts for Hurricanes (a), (b) Bertha, (c), (d) Eduoard, (e), (f) Fran, and (g), (h) Hortense. The observed
storm locations are plotted every 12 h. For clarity, only the 24-, 48-, and 72-h forecast positions are shown for the

predicted tracks. Refer to Table 1 for forecast dates.

and Pelissier 1981) for both the CTRL and WIND ex-
periments. Note that, for the vast mgjority of storms
considered here, the CTRL experiments demonstrate
substantial skill in track prediction relative to CLIPER.
A more detailed evaluation of the performance of the
GFDL model can be found in Bender et al. (1993),
Kurihara et al. (1995), and Kurihara et a. (1998). For
Hurricane Bertha, the assimilation of GOES winds re-
duces the mean track error for the GFDL model at all
forecasts times, with the largest relative reductions oc-
curring for the 12-h (14%) forecasts. For Eduoard, the
wind assimilation reduces the track errors for 12—-48 h,
with a modest increase at 72 h. The impact on Fran is,
in comparison, substantially larger. Track errors are un-
changed for 12 h, while the 36—72-hour forecasts dem-
onstrate track error reductions of 28%, 31%, and 26%,
respectively. Some of the largest track error reductions
for 1996 occurred for Hortense, where the 12—72-h track

errors are reduced by 25%-38%. It isinteresting to note
that Hortense is also the storm for which the CTRL runs
performed the worst with respect to CLIPER. Without
the wind assimilation the GFDL model outperformed
CLIPER for only one of the five forecast periods. In
contrast, the model runs that included the GOES winds
outperformed CLIPER at all five forecast periods. This
suggests that an inaccurate analysis may be responsible
for the relatively poor performance of the CTRL fore-
casts for this storm and that the assimilation of GOES
winds substantially improved the accuracy of theinitia
conditions.

From the above analysis, it is clear that the impact
of the GOES winds on the GFDL forecasts varies con-
siderably from storm to storm. Furthermore, due to the
relatively small number of casesfor each storm, thelevel
of statistical confidence in the resultsisalso low. There-
fore, to better assess the statistical significance of these
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experiments, a combined evaluation is performed using
the results for all four 1996 storms. A graphical sum-
mary of this comparison is presented in Fig. 3. Overall,
the WIND experiments for 1996 resulted in a reduction
in mean track error for all forecast periods (Fig. 3, top).
Track errors are reduced by approximately 15% for the
12- and the 36—72-h foreast periods, and by ~10% for

TaABLE 2. Comparison of average track errors (in km) from the
CTRL, WIND, and CLIPER forecasts for Hurricane Bertha. The rel-
ativeforecast errors with respect to CLIPER are shown in parentheses.
Bold type highlights the smaller track error in each forecast period.

the 24-h forecast period. The 24- and 72-h forecast im-
provements are statistically significant at the 90% con-
fidence level, while the 12-, 36-, and 48-h are statisti-
cally significant at the 95% confidence level. The com-
bined error reductions, averaged over each of the five
forecast periods, are statistically significant at the 99%
confidence level. It is also useful to examine the per-
centage of forecasts that were improved when the sat-
ellite winds were included. This analysis (Fig. 3c) in-

TABLE 3. Same as Table 2 except for Hurricane Eduoard.

N CTRL WIND CLIPER N CTRL WIND CLIPER
12 h 6 79 (—7%) 68 (—20%) 85 12 h 10 57 (8%) 55 (4%) 53
24 h 6 133 (—24%) 130 (—25%) 174 24 h 9 97 (—6%) 93 (—10%) 103
36 h 6 193 (—15%) 193 (—15%) 227 36 h 8 122 (—34%) 106 (—43%) 185
48 h 6 261 (—7%) 260 (—7%) 281 48 h 7 137 (—51%) 135 (—51%) 277
72h 6 396 (—19%) 373 (—23%) 487 72h 6 213 (—43%) 232 (—38%) 374
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TABLE 4. Same as Table 2 except for Hurricane Fran.
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TABLE 5. Same as Table 2 except for Hurricane Hortense.

N CTRL WIND CLIPER N CTRL WIND CLIPER
12 h 7 42 (—25%) 42 (—25%) 56 12h 5 106 (23%) 73 (—15%) 86
24 h 7 72 (—50%) 69 (—52%) 143 24 h 5 167 (12%) 125 (—17%) 150
36 h 6 111 (—54%) 80 (—67%) 242 36 h 5 213 (5%) 151 (—26%) 203
48 h 5 202 (—41%) 141 (—60%) 346 48 h 5 258 (—5%) 187 (—32%) 272
72 h 3 372 (—31%) 278 (—49%) 542 72h 5 403 (0%) 253 (—38%) 402

dicates that the assimilation of satellite winds led to a
more accurate forecast in more than half of the cases,
with the frequency of improved forecasts ranging from
50% (13 of 26 cases) at 24 h to 70% (14 of 20 cases)
at 72 h.

c. Results for the 1997 Atlantic hurricane season

The 1997 hurricane season was relatively quiet with
only one storm, Erika, that persisted long enough to
provide a useful test of the GOES winds. Figure 4 com-
pares the CTRL and WIND tracks with the observed
tracks for 14 forecasts of Hurricane Erika. A distinct
westward bias is evident in both the CTRL and WIND
experiments. Comparison of the track error statistics
(Fig. 5) ismore revealing. For 12-36 h, the assimilation
of satellite winds slightly increases the mean track error.
However, these results are not statistically significant.
At 48 h the satellite winds have a slight positive impact,
and at 72 h the satellite winds have avery large positive
impact (15% reduction in track error) that is statistically
significant at the 99% confidence level. In addition, the
assimilation of satellite winds improves 12 out of the
14 forecasts (86%) at 72 h.

It is interesting to note that both the 1996 and 1997
cases show statistically significant improvement for the
72-h forecasts, with relative improvementsin track error
of between roughly 15% and 20%. These results are
consistent with the improvements obtai ned with the NO-
GAPS model (Goerss et al. 1998), which showed sta-
tistically significant track error reductions of ~12% at
72 h due to the assimilation of GOES winds. The im-
provement for the longer forecast period suggests that
the satellite winds may be having the greatest impact
on the environmental flow rather than the near-storm
steering currents or that the correction of near-storm
errors leads to reduced forecast error at future times.
This may be partially attributable to the vortex bogusing
procedure that filters out much of the smaller-scale cir-
culation features near the storm center and replacesthem
with anidealized vortex (Bender et al. 1993). The spatial
filtering, which is done after the satellite winds have
been assimilated, negates much of the potential impact
the satellite data might have on the near-storm circu-
lation. While beyond the scope of the current study,
future efforts will consider how the satellite winds can
be used to improve the near-storm circulation, perhaps
by including them as part of the vortex bogusing pro-
cedure.

d. Results for the 1998 Atlantic hurricane season

For the 1996 and 1997 hurricane seasons, the NCEP
global analysis did not include any of the advanced
GOES high-density wind observations produced by
CIMSS. However, in 1998 NCEP began assimilating the
GOES infrared (IR) winds operationally into their global
forecast model, although the water vapor and visible
winds were not assimilated during this period. Since the
IR winds, which represent about 30% of the total num-
ber of wind vectors produced, have already been assim-
ilated into the first-guess field via NCEP's variational
analysis scheme (Parrish et a. 1997), one would expect
the impact for 1998 to be somewhat less than that ob-
served during the two previous years. Therefore the
primary improvements for the 1998 WIND experiments
relative to the CTRL should presumably reflect the in-
formation contained within the water vapor and visible
winds (which were not assimilated by NCEP), as well
as any additional weighting given to the IR winds in
our analysis scheme. The IR winds are retained in the
present assimilation since sensitivity tests indicate that
their inclusion results in a modest (2%—3%) reduction
in track error relative to WIND forecasts in which the
IR winds are not reassimilated. While this reduction in
error is too small to be statistically significant, it is
consistent with the impression that IR winds are un-
derweighted in the NCEP analysis relative to other
sources of observation.

Another difference in the first-guess field for 1998
relative to previous yearsis that, due to difficulties with
the implementation of a new higher-resolution analysis/
forecast model in the summer of 1998, the quality of
the operational analysis and forecasts during this period
was diminished. In response to this, NCEP implemented
a corrected assimilation/forecast model in October of
1998. In addition, NCEP reanalyzed a portion of this
period with the corrected system. In this study, we will
consider cases from both the original and corrected set
of NCEP analyses. For the storms listed in Table 1,

TABLE 6. Same as Table 2 except for Hurricane Erika.

N CTRL WIND CLIPER
12 h 14 73 (—8%) 74 (- 7%) 79
24 h 14 137 (—21%) 146 (—15%) 172
36 h 14 172 (—39%) 185 (—35%) 284
48 h 14 221 (—49%) 218 (—50%) 433
72 h 14 393 (—51%) 335 (—59%) 808
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Fic. 3. Summary of the track errors from Bertha, Eduoard, Fran,
and Hortense for 1996. (a) The mean track error, (b) the percentage
reduction in track error, and (c) the percentage of improved forecasts
due to the assimilation of GOES winds. The reductions in track error
are statistically significant at the 95% confidence level for the 12-,
36-, and 48-h forecasts, and at the 90% confidence level for the 24-
and 72-h forecasts. The error reduction averaged from all five forecast

periods (12—72 h) isalso statistically significant at the 99% confidence
level.
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Fic. 5. Summary of the track errors from Hurricane Erika, con-
sisting of (a) the mean track error, (b) the percentage reduction in
track error due to the assimilation of GOES winds and the (c) per-
centage of improved forecasts due to the assimilation of GOES winds
(bottom). The differences in track error are statistically significant at
the 99% confidence level for the 72-h forecasts only.

forecasts for Bonnie and Danielle are based upon the
reruns of the corrected NCEP analysis system; Georges,
Ivan, and Jeanne are from the uncorrected operational
system; and Mitch is from a corrected system that had
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Fic. 4. A comparison of the observed track (filled symbol) with the forecasted positions from the (a) CTRL and (b)
WIND forecasts for Hurricane Erika (1997). The observed storm locations are plotted every 12 h. For clarity, only
the 24-, 48-, and 72-h forecast positions are shown for the predicted tracks. Refer to Table 1 for forecast dates.
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Fic. 6. A comparison of the observed track (filled symbol) with the forecasted positions from the CTRL (left) and
WIND (right) forecasts for Hurricanes (a), (b) Bonnie, (c), (d) Danielle, (e), (f) Georges, (g), (h) Ivan, (i), (j) Jeanne,
and (k), (I) Mitch. The observed storm locations are plotted every 12 h. For clarity, only the 24-, 48-, and 72-h forecast

positions are shown for the predicted tracks.

been implemented operationally by the time it formed.
Of course, these are not ideal conditions for performing
a controlled experiment. However, the resources re-
quired to rerun a corrected analysis for the entire season
cannot be justified solely for the purpose of this study.
Thus, rather than ignore this season entirely, we have
instead chosen to use the best NCEP analyses available
for each storm, while acknowledging that the quality of
the initial conditions may differ (for better or worse)
during 1998 compared to previous seasons. It islargely
for this reason that the data impact has been presented

separately for each storm and each season. Yet, as dem-
onstrated below, the model forecasts for 1998 are, like
the previous two seasons, significantly improved fol-
lowing the assimilation of GOES winds.

For the 1998 season atotal of 69 cases are considered
from six different storms: Bonnie (14 cases), Danielle
(11 cases), Georges (23 cases), Ivan (5 cases), Jeanne
(8 cases), and Mitch (8 cases). The predicted tracks for
these storms are shown for both the CTRL and WIND
experiments in Fig. 6. A unique feature of this set of
cases is that, with the exception of Georges, all of the
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storms exhibit a distinct recurvature at some point in
their track. The WIND tracks from successive forecasts
tend to be more consistent (less variable), relative to the
CTRL. The greater consistency for the WIND experi-
ments presumably reflects a convergence of the initial
conditions toward the actual state of the flow field fol-
lowing the assimilation of the GOES winds.

Figure 7 shows the mean track errors composited
from all five storms. On average, the assimilation of
satellite winds improves the track forecasts for all ver-
ification periods. The track error reduction ranges from
less than 5% at 12 h to nearly 15% at 24 and 36 h. The
error reductions at 48 h are statistically significant at
the 95% confidence level. The improvements at 24 and
36 h as well as the time-averaged (12—72 h) error re-
ductions are statistically significant at the 99% confi-
dence level. In addition to the mean track errors, the
average performance of individual forecasts also im-
proves following the assimilation of satellite winds.
With the exception of the 12-h forecasts, the percentage
of improved forecasts outhumber the percentage of de-
graded forecasts following the assimilation of satellite

winds, with the frequency of improved forecastsranging
from 55% at 72 h to 67% at 24 and 48 h.

For 1998 there is again considerable variability from
one storm to the next (e.g., Tables 7-12) and some in-
dication that the impact of the satellite winds depends
upon the quality of the background field use for the
CTRL forecasts. For example, the forecasts for Ivan and
Jeanne, which occurred in the central North Atlantic far
from any conventional data sources, showed a substan-
tially improved prediction of the recurvature following
the assimilation of the satellite winds (Figs. 6g). In-
deed, thelargest track error reductions during 1998 were
obtained for Ivan, which was well removed from the
conventional observing network.

e. Composite analysis

The previous analyses have demonstrated that assim-
ilation of the GOES winds leads to statistically signif-
icant improvements in the hurricane track predictions
over multiple seasons. Thisimprovement is also evident
when comparing the cumulative performance of the
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WIND and CTRL experiments from all three seasons
(Fig. 8). On average the assimilation of satellite winds
improved forecasts for al verification times, with the
reduction in track error ranging from 5% at 12 h to 12%
at 36 h, with statistically significant reductions (99%
confidence level) at 24, 36, and 48 h. The error reduc-
tions for the 12- and 72-h periods are significant at the
90% confidence level. With the exception of the 12-h
forecasts, the inclusion of the satellite winds typically
improved ~60% of the cases. These results offer com-
pelling evidence of the ability of satellite-derived winds
to significantly improve hurricane track forecasts and
are consistent with the impacts reported by Goerrs et
al. (1998) following the assimilation of GOES winds
into the NOGAPS model.

While the statistical evaluations presented above
demonstrate that the GOES winds lead to a significant

reduction in forecasted track error, they offer little in-
sight into why this improvement is obtained. That is,
what aspects of the circulation fields are improved fol-
lowing the assimilation of GOES winds. While identi-
fying the physical mechanisms responsible for the im-
provement is often difficult, such insight is important
to fully understand the contributions of the GOESwinds
and can offer guidance to future data assimilation ef-
forts. In addition, the identification of a physically co-
herent signature of the satellite data that is consistent
with the improved tracks lends further credibility to the
stetistical evaluations of the error reductions.

To determine the impact of the satellite winds on the
model flow fields, the initial wind conditions from the
CTRL and WIND experiments are compared. Rather
than examine the winds at individual model levels, we
compute a deep-layer mean (DLM) flow, defined as the
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Fic. 7. Same as Fig. 3 except for 1998. The reductions in track
error are statistically significant at the 99% confidence level for the
24- and 36-h periods, and at the 95% confidence level for the 48-h
forecast period. The average error reduction for all forecast lengths
(12-72 h) is also statistically significant at the 99% confidence level.

vertical pressure-weighted average of the initial con-
dition wind field, for both the CTRL and WIND runs.
To highlight the large-scale environmental or ““basic”
flow patterns, the DLM fields are then low-pass filtered
to remove disturbances of |lessthan ~1000 km (Kurihara
et al. 1993). Thisistheidentical filtering technique used
in the initialization to separate the fields into their basic
and disturbance components. Since there are over 100
cases, each with widely differing synoptic conditions,
it isdifficult to analyze each case individually and iden-
tify consistent features. Instead, we have the computed
the average storm positions for each period (Fig. 9) and
constructed a composite of the mean DLM flow fields
(Fig. 10) in which the wind vectors are averaged using
the storm center as the frame of reference.
Comparison of the mean forecast tracksfor the CTRL

TABLE 7. Same as Table 2 except for Hurricane Bonnie.
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TABLE 8. Same as Table 2 except for Hurricane Danielle.

N CTRL WIND CLIPER
12 h 11 54 (15%) 52 (9%) 47
24 h 11 92 (27%) 85 (16%) 73
36 h 11 145 (8%) 143 (7%) 134
48 h 11 191 (—10%) 187 (—13%) 213
72h 11 304 (—22%) 313 (—20%) 388

and WIND experiments, from all 111 cases (Fig. 9a),
provides a convenient summary of the improved per-
formance of the track forecasts following the assimi-
lation of GOES winds. The WIND forecasts clearly ex-
hibit a tighter recurvature that, in turn, results in a
marked reduction in the westward bias of the track fore-
casts (Fig. 9b). The enhanced northward movement of
the WIND forecasts may have contributed to their im-
proved recurvature by positioning the storms closer to
the midlatitude westerlies. The bias in the CTRL fore-
casts is consistent with a westward track bias found for
both model guidance and official NHC track forecasts
for recent years (Kuriharaet al. 1998). Henceit isworth
noting that the westward bias, which has been a per-
sistent feature of the GFDL model forecasts, is almost
completely eliminated following the assimilation of sat-
ellite winds. This suggests that much of the historical
westward bias of the model may be related to biasesin
theinitial conditionsrather than a deficiency in the mod-
el itself. Also note that the reduction in westward bias
does occur at the expense of a dlight increase in the
meridional bias; however, the increase in meridional
bias (relative to the CTRL) is much smaller and only
occurs for the 72-h forecast, whereas the reduction in
zonal bias is evident at all forecast times.

To examine theimpact of the GOES data on theinitial
wind fields, Fig. 10 illustrates the time-mean composite
of the mean DLM flow from the CTRL runs (left) and
the difference in DLM flow field (WIND-CTRL) due
to the assimilation of GOES winds (right). In both of
these figures, the DLM flow is presented as vectors
while the vorticity of the DLM vectors is depicted by
shading. Recall that the composites are constructed from
a storm-centered frame of reference, which on these
figures corresponds to 0°N, 0°W. Note that we have not
subtracted the storm motion vector from these DLM
fields. While this does affect the vectors, it has no impact
on the vorticity fields since the storm motion vector, by
definition, has no rotational component. Hence the vor-
ticity fields provide a more reliable interpretation of the

TABLE 9. Same as Table 2 except for Hurricane Georges.

N CTRL WIND CLIPER N CTRL WIND CLIPER
12 h 14 60 (—20%) 63 (—16%) 75 12 h 23 65 (14%) 64 (12%) 57
24 h 14 92 (—48%) 85 (—52%) 178 24 h 23 108 (0%) 99 (—9%) 108
36 h 14 123 (—61%) 111 (—65%) 315 36 h 22 150 (—6%) 137 (—15%) 161
48 h 14 156 (—67%) 145 (—70%) 474 48 h 21 181 (—17%) 163 (—26%) 219
72h 14 328 (—55%) 348 (—45%) 730 72h 19 270 (—16%) 268 (—17%) 320




TaABLE 10. Same as Table 2 except for Hurricane Ivan.
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TABLE 12. Same as Table 2 except for Hurricane Mitch.

N CTRL WIND CLIPER N CTRL WIND CLIPER
12 h 5 152 (—3%) 116 (—26%) 156 12 h 8 60 (—20%) 69 (—8%) 75
24 h 5 299 (35%) 215 (—3%) 222 24 h 8 114 (—29%) 98 (—39%) 160
36h 5 444 (29%) 329 (—5%) 345 36 h 7 187 (—27%) 162 (—36%) 255
48 h 4 465 (—9%) 349 (—18%) 427 48 h 7 280 (—26%) 247 (—35%) 376
72 h 4 519 (—15%) 365 (—40%) 610 72 h 5 389 (—40%) 320 (—50%) 642

vortex—environment interactions. A key feature in the
CTRL DLM flow isthe presence of adistinct gyre con-
sisting of anticyclonic circulation to the northeast and
cyclonic circulation to the southwest of the storm center
(Fig. 10, left). These gyres result from the interaction
between the storm’s vortex and the environmental gra-
dient of both planetary and relative vorticity (DeMaria
1985; Fiorino and Elsberry 1989; Willoughby 1995; Wu
and Emmanuel 1995). In the Northern Hemisphere, the
vortex circulation forces a streamfunction dipole with
anticyclonic circulation to the northeast and cyclonic
circulation to the southwest. In an idealized setting, the
resulting vorticity dipoles induce a northwestward drift
of the vortex that has been postulated to play an im-
portant role in determining the initial storm movement
(Carr and Elsberry 1990).

While vorticity gyres are common features in nu-
merical models, documenting their presence in nature
has been hampered by the lack of sufficient observations
and the complex flow in the storm environment (Frank-
lin et al. 1996). A detailed analysis of gyres from the
GOES windsis beyond the scope of our study; however,
it isinteresting to note that the differencein thevorticity
of the DLM flow between the WIND and CTRL ex-
periments also reveals a distinct dipole structure (Fig.
10b). The DLM flow for the WIND experimentsreveals
an enhanced gyre dipole with greater anticyclonic cir-
culation to the northeast of the storm and greater cy-
clonic circulation to the southwest of the storm. This
suggests that, while the initial wind field from NCEP
does contain a gyrelike pattern, the strength of these
gyres may be underanalyzed relative to that inferred
from the GOES retrievals. However, the difference in
vorticity fields does not form a pure SW-NE dipole
structure, as would be expected from a simple B-gyre
model, suggesting that vortex asymmetries and/or rel-
ative vorticity advection are also contributing factors.
To the extent that a weaker gyre pattern is present, it
would be consistent with the tendency for coarser-res-
olution models (such as that used to provide the CTRL

TABLE 11. Same as Table 2 except for Hurricane Jeanne.

N CTRL WIND CLIPER
12 h 8 63 (—12%) 62 (—14%) 72
24 h 8 140 (—26%) 126 (—33%) 189
36 h 8 185 (—41%) 166 (—47%) 312
48 h 8 204 (—54%) 227 (—49%) 442
72 h 5 306 (—59%) 377 (—51%) 741

initial conditions) to form a weaker storm circulation,
which would, in turn, underpredict the advection of
planetary and relative vorticity. The stronger northward
flow that would be associated with an enhanced gyre
structure agrees qualitatively with the northward dis-
placement of the storm tracksin the WIND experiments
relative to the CTRL (Fig. 9), although it does not offer
an immediate explanation for the reduction in westward
bias. However, the northward displacement of the storm
may have contributed to the reduction in westward bias
by accelerating the storm’s movement toward the mid-
latitude westerlies. While this analysis cannot confirm
that the possible presence of enhanced gyresis, by itself,
responsible for the improved performance of the WIND
forecasts, it does suggest that one advantage of the
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Fic. 8. Same as Fig. 3 except for all 111 cases from 1996 to 1998.
The reduction in track error are statistically significant at the 99%
confidence level for the 24-, 36-, and 72-h forecast periods, and at
the 90% confidence level for the 12- and 72-h forecast periods. The
average error reduction for all forecast lengths (1272 h) is also
statistically significant at the 99% confidence level.
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Fic. 9. The average storm tracks (top) from 1996 to 1998 (111
cases) for the observations (filled circle), CTRL forecasts (filled
squares), and WIND forecasts (open squares). Results are plotted for
the 12-, 24-, 36-, 48-, and 72-h forecast periods. The average direc-
tional bias between the model forecasts and observations is shown
on the bottom.

GOES winds lies in their ability to observe the large-
scale patterns of the horizontal vorticity in the environ-
mental flow surrounding the storm. These results also
support earlier studies with the GFDL model that sug-
gested the importance of enhanced observations of po-
tential vorticity in the upper troposphere for improved
hurricane track forecasting (Wu and Kurihara 1996).

f. Dependence upon CTRL skill

Finally, we examine the extent to which the impact
of the GOES winds depends upon the skill of the CTRL
forecast. This analysis is motivated by the indication
from sections 3b—3d and from previous studies sug-
gesting that satellite winds may be particularly benefi-
cial under the more difficult forecast situations. In par-
ticular, LeMarshall and Leslie (1998) demonstrated that
satellite-derived cloud drift winds were capabl e of great-
ly improving the accuracy of track forecasts in cases
where the conventional forecast guidance was poor. To
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explore thisissue, the differencesin track error between
the WIND and CTRL forecasts (eyino — €crrl) @€
binned according to the relative error in the CTRL fore-
cast computed with respect to CLIPER, (ecrr. — €cuip)/
&cp» Where each bin has a width of 0.25. The results
in each bin are compiled separately for each forecast
period (12—72 h) and then averaged for all 111 cases.
Figure 11 shows the mean difference in track error as
a function of the relative error in the CTRL forecasts.
Note that the degree of skill in the CTRL forecasts
increases from right to left, with arelative error of —1
corresponding to a perfect CTRL forecast (ecrr. = 0).
For the majority of forecasts, the satellite winds reduce
the track error; however, the magnitude and sign of the
impact depends strongly on the skill of the CTRL fore-
cast. Forecasts in which the CTRL track error is small
[—1 < (ecrre — €cuip)ecie < —0.75] tend to be de-
graded by the assimilation of satellite winds, although
this involved only a small percentage of the cases ex-
amined (~5%). On the other hand, the normalized skill
score for the vast majority of forecasts (~70%) liesin
the range, —0.75 < (ecrr. — €cuip)ecLir < 0, which
show systematic improvement following the assimila-
tion of satellite winds. However, the most impressive
impacts occur for those cases in which the CTRL fore-
casts exhibit little if any skill [(ecrr. — €cLip)€cLip >
0]. In these cases, which compose approximately 25%
of the total, the satellite winds offer substantial im-
provement in the forecast skill. As a result of these
improvements, the number of forecasts that show no
prediction skill relative to CLIPER is reduced by up to
20%. Thus, while the satellite winds typically improve
the mean forecast error by ~10%, their impact does not
occur uniformly, but rather is most pronounced for those
cases in which the skill of the CTRL forecastsis|owest.
This is consistent with the interpretation that forecasts
with larger CTRL errors tend to be associated with a
poorer specification of theinitial conditionsinthe global
analysis.

4. Summary

The prediction of hurricane tracks remains a chal-
lenging problem, particularly for recurving storms.
Since improved track prediction depends heavily upon
improved specification of theinitial conditions, itisim-
portant to assess the impact of newly developed obser-
vation datasets, such as the experimental wind product
derived from GOES observations at CIMSS (Velden et
al. 1998). Recent enhancements in the wind retrieval
algorithm and improved satellite instrumentation have
provided unprecedented capabilities to observe the at-
mospheric circulation over the traditionally data-sparse
tropical oceans with high spatial and temporal resolu-
tion. As shown here, the assimilation of these winds,
even in a relatively simplified manner, is able to make
a significant contribution to the reduction in track error.
Moreover, this positive impact was obtained for amodel
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Fic. 10. A storm-relative composite of the large-scale steering flow from (a) the CTRL simulations and (b) the
difference (WIND — CTRL) due to the assimilation of GOES winds averaged over all 111 cases. Vectors depict the
deep layer mean winds (in m s %) and shading depicts the corresponding vorticity field (in 10° s~*). The hurricane
symbol identifies the center of the storm used as the frame of reference to form the multistorm composite.

with an outstanding forecast record (Kurihara et al.
1998). An additional strength of this study is the large
number of experiments performed; over 100 cases were
examined from 11 different storms covering three sea-
sons (1996-98). Although the impact of the winds var-
ied from storm to storm and from season to season,
statistically significant reductionsin the forecasted track
error were obtained for al three seasons. Furthermore,
when the entire set of experiments are considered, sta-
tistically significant improvements are obtained for all
five forecast periods. The reduction in track errors
ranged from 5% to 12% and roughly 60% of the fore-
casts were improved following the assimilation of sat-
ellite winds. However, the impact does not occur uni-
formly, but rather is most pronounced for those cases
in which the skill of the CTRL forecasts is lowest. In-
deed, track error reductions of up to 30%—40% were
obtained for individual storms (i.e., Hortense and Ivan).

Analysis of the storm tracks indicated that assimila-
tion of the GOES winds substantially improved the
model forecasts of the storm recurvature. Thisimprove-
ment may have resulted from the ability of the GOES
winds to more accurately depict the strength of vorticity
gyres in the environmental flow. In particular, the dif-
ference in the vorticity of the DLM flow due to the
assimilation of GOES winds exhibited a distinct dipole
structure, consistent with an enhanced gyrelike struc-
ture. Thisindicates that, while the initial wind field used

to perform the CTRL forecasts does contain a gyrelike
structure, the strength of these gyres may have been
underanalyzed relative to that inferred from the GOES
retrievals. Such a bias is consistent with the tendency
for coarser-resolution models to form a weaker storm
circulation and thus underpredict the vorticity advection
associated with the interaction between the storm and
large-scale environmental flow.

It should be mentioned that the NCEP analysis, like
all operational systems, undergoes periodic changes and
improvements. Therefore past improvements from the
satellite winds (or any other dataset) are no guarantee
of future returns. For example, recent changes to
NCEP's vortex analysis scheme for the 2000 season are
expected to reduce track errors. Based upon Fig. 11,
one might expect that as the quality of the NCEP anal-
ysisimproves over time, theimpact of the satellitewinds
(or other additional datasets) will be diminished. As a
sensitivity study, a limited number of cases from Hur-
ricane Gert were performed using NCEP reruns of the
1999 season with the new analysis scheme and positive
impact of the satellite winds was obtained beyond 24
h. Although the magnitude of the reduction in track error
(~5%) was less than the average improvement for
199698, it is not necessarily inconsistent with these
results (i.e., Bonnie and Danielle had similar improve-
ments). As the operational systems evolve over time,
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Fic. 11. A histogram of the impact of GOES winds as a function of the skill of the CTRL
forecast. The differences in track error between the WIND and CTRL forecasts (eyino — &crri)
are binned according to the relative error in the CTRL forecast computed with respect to CLIPER,
(ecrre — &cuip)ecLies Where each bin has a width of 0.25. The results in each bin are compiled
separately for each forecast period (12—72 h) and then averaged for all 111 cases. The skill of
the CTRL forecast decreases from left to right, with a normalized skill score of —1 indicating a
perfect CTRL forecast (ecrr. = 0). The approximate percentage of cases falling within selected
intervals of CTRL skill are depicted on the graph with arrows. For the majority of forecasts, the
satellite winds reduce the track error; however, the magnitude of the impact depends strongly on

the skill of the CTRL forecast.

assessing the impact of satellite winds or any other da-
taset will require continual reevaluation.

While these results are encouraging, substantial work
remains in this area and further improvements appear
possible. In particular, the use of improved assimilation
techniques, such as 4D variational analysis, which can
utilize the high time resolution of the satellite data, are
particularly promising (Leslie and LeMarshall 1998). In
addition, more work is needed to better understand
height assignments for clear-sky water vapor winds and
to better define the nature of the model error covari-
ances, which is critical to both 3D and 4D assimilation
methods (Derber and Bouttier 1999). In the future, we
hope to pursue such directions in collaboration with
existing efforts both within the National Oceanic and
Atmospheric Administration and abroad.
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